INTRODUCTION
Since the advent of expression microarrays one decade ago, they have been used in a range of investigations encompassing simple technical feasibility experiments in model organisms to complex study designs involving multiple human tissues. In the past 2 years, the expression profiling literature has been particularly interesting for human geneticists, because of numerous reports characterizing the role of human genome polymorphism in the context of large-scale investigations of gene expression. Sequencing of the human genome (1,2) and characterization of its variation (3) in human populations have provided the necessary resources for large-scale genetic studies of human expression traits. Understanding the genetic control mechanisms of gene expression will provide insight to functional elements of the human genome, and ultimately reveal polymorphisms that modify risk to human diseases.
Integrating genotypic data from gene-mapping studies and expression profiling to identify susceptibility genes for complex traits has recently been achieved in mouse disease models (4, 5) . Human studies combining gene expression profiles and genome scans in cases and controls and/or families with disease phenotypes have not yet progressed this far, because of technical, analytical and cost issues. Instead, the research community has focused on the expression traits themselves. Studies to dissect cis-or trans-acting variation are often performed separately, using different methodologies, and usually divided in the analysis and interpretation of results. Cis-acting variants affect transcript synthesis or stability in an allele-specific manner and are close to the gene(s) that they regulate, whereas trans-acting variants are not close (usually on different chromosomes) and can affect both alleles of a gene.
Cis-acting variants are commonly thought to involve regulatory elements such as promoters and enhancers, which may lie immediately upstream of the gene, but can also be found hundreds of kilobases away. Until recently, studies of cis-acting variants were restricted to the in vitro comparison of polymorphic promoter constructs transfected in cell lines (6) . The more recent in vivo approaches, usually based on mapping expression traits or relative allelic expression (also called allelic imbalance), are evaluated in large panels of cell lines or tissues. Genes are studied in their native sequence environment (and haplotype context), allowing the detection of regulatory factors that are acting over short and long range. Promoter construct studies remain useful to validate cis-acting effects discovered by hypothesis-free methods. Cis-acting variants (or markers in tight linkage disequilibrium with them) are valuable markers for association studies of appropriate human phenotypes. In cases where the regulatory polymorphism is identified, it may provide indirect clues of the transcription factors involved in the regulation of a specific gene and may help identify novel regulatory motifs.
Variation in trans-acting control of gene expression is more difficult to establish. No general methods dedicated to large-scale studies of trans-acting effects exist. Current approaches are based on genome-wide mapping of expression levels (or eQTLs). If a trans-acting effect is mapped to a chromosomal locus, the underlying variant may be a coding variant or regulatory variant in a gene involved in the transcriptional control of the gene(s) that is (are) affected. Validation of a trans-acting variant requires relatively complex functional studies. To date, none of the suggested trans-acting variants underlying human expression traits have been conclusively validated. An exciting outcome of proving a trans-acting variant is the possibility for discovery of gene-regulatory networks, i.e. single variants could influence the activities of a whole pathway and reveal previously unknown gene expression networks. Genome-wide mapping studies in yeast and mice have demonstrated 'linkage hotspots', suggesting the existence of 'master regulators' governing gene expression of multiple unlinked loci (7, 8) . Intuitively, it is possible that a single regulatory variant with subtle trans-acting influences on expression of a group of genes could lead to more pronounced effects on cellular function than a single cis-acting variant in a downstream effector gene.
Source tissues (or the lack-there-of)
Studying the heritability of human expression traits would optimally include a relatively large number of samples (i.e. several hundreds), similar to many other complex trait studies. Standardized tissue banks of related or unrelated individuals do not yet exist. As a consequence of this, most human eQTL studies have been carried out in transformed cell lines, principally Ebstein -Barr virus (EBV) immortalized lymphocytes or lymphoblasts (LCLs). The LCLs are often obtained from publicly available repositories; there is no control over the number of passages or exact immortalization method each line has been subjected to. Known problems related to prolonged LCL culture are reduction of cellular mosaicism (clonality) (9,10) and induction of aberrant DNA methylation (11) . Two recent papers have used the allele-specific transcripts found in dbEST to infer allelic expression from EST data by comparing representation of alleles within a heterozygous EST library (12) or by comparing allele frequencies in multiple EST libraries to known population allele frequencies (13) . The genes shown to have significant deviations in allelic EST representation in these two studies may harbor common cis-acting polymorphisms and as EST libraries are derived from various tissues, these data provide evidence for cis-acting effects in multiple human tissues as opposed to LCLs.
Genome-wide linkage or association for total expression trait mapping
Five recent papers investigated tens to thousands of expression phenotypes in LCLs. Two notable studies (14, 15) applied expression profiling for assessment of thousands of gene expression traits on DNA microarrays or GeneChips. The studies utilized a similar design, in which the identification of variable expression traits was followed by whole genome linkage analyses. The samples were from the CEPH family collection (16) . Both studies applied only partially overlapping sample sets and different marker panels as well as analytical approaches; it is therefore not unexpected that the results appear different. Nevertheless, the degree of disparity between the studies has raised discussion about the validity of the data (17, 18) . Below, we discuss the issues we believe important to understanding the discordances observed among these studies. A separate study applied the same concept for a smaller set of genes (n ¼ 41) using real-time polymerase chain reaction (PCR) for the determination of expression traits (19) . The expression traits with cis-acting linkages (also the strongest linkages) of Morley et al. were further studied by whole genome association (WGA) approach (20) using 60 unrelated CEPH samples (HapMap-CEU) that were included in building the human haplotype map (3). These same samples were also used by a study measuring over 600 expression traits using bead arrays on fiber-optic bundles (21) .
The detailed analysis of the results from these studies has been the subject of earlier reviews and we will only focus on common themes emerging from the data; some details are tabulated in Table 1 . Monks et al. identified hundreds of genes showing significant heritability of their expression levels, but only a small fraction of these showed highly significant linkage (0.1% of all studied genes). A much greater proportion of investigated genes were found to have linkage in the study by Morley et al. (close to 2% of all genes). A common feature to both studies was the enrichment of cis-linkages in the top hits, at times explaining over 50% of trait variance. Overall, cis-linkages accounted for a third of all hits. Interestingly, the WGA-based study (21) found only cis-acting signals (0.5 -1.5% of all genes). One feature that probably reduced the hit rate (after correction for multiple testing) in the latter study was the unrestricted selection of target genes: the panel of genes was selected from ENCODE (19) regions as well as chromosome 21, thus LCL expressed genes were not enriched in any way. The inclusion of 60% of all genes likely incorporated many 'noisy' genes, as in our experience RT -PCR routinely detects 50 -65% of unselected transcripts in LCLs. Finally, in the small linkage study by Deutsch et al., 10% of studied genes reached significance (2.5% cis-linkages), but the authors noted that many nominally significant trans-acting signals failed the permutation tests.
Risch and Merikangas (22) suggested that common QTLs with modest contribution to trait variance are best detected by association methods. Although the deficiencies of the eQTL mapping studies based on genome-wide linkage (lack of replication and small sample size) may not do justice for linkage methodologies, it does seem likely that the now technically (and analytically) feasible WGA approach (23) will attract greater attention in mapping common eQTLs. In addition to the theoretical advantages outlined by Risch and Merikangas, the attractiveness of WGA lies in the easier sample collection as well as more straightforward interpretation and validation of detected signals, which are already 'fine-mapped'. The performance of the whole genome linkage approach for discovery of cis-acting effects was studied by association-mapping-based analysis of 384 cis-linkages identified earlier (20) . Replication of linkage data was obtained for 20% of genes, and in the case of the strongest 27 cis-acting signals detected by linkage, the WGA analysis yielded corroborating evidence for 50% of genes. Reasons for non-replication of cis-linkages include allelic heterogeneity of cis-eQTLs and insufficient sample size (affecting the statistical power) in the follow-up association study as well as false-positive linkages. These reasons are similar to the ones explaining the unfortunate lack of replication for many complex trait mapping studies (24) .
Discordances between studies measuring total expression
We examined the correlations between expression studies carried out in different laboratories and on different expression platforms. We focused on expression traits (genes) that demonstrated linkage (14) or association (20, 21) or showed significant heritability (15) . We also included data from our own LCL expression studies on GeneChips (U133, Affymetrix) that overlap with these sample sets. Overall correlations between replicates within the same study, as well as between platforms and on same platform between groups and different probes can be seen on density plots (Fig. 1A) . The best correlations (i.e. the curves with increased density towards high r 2 -values) are observed with RNA replicates on the same platform (a and b, red and orange lines) and worst correlations (i, black line) in random comparisons of data. Surprisingly, correlations of the bead-array data with other platforms (f and h, turquoise and brown lines) appear Figure 1B separating correlations between studies to genes with highly significant cis-acting linkages/associations (14, 20) and to genes with highly significant trans-acting linkages. It appears that even strong trans-acting signals may be reproduced poorly, an observation that has been discussed earlier (18) and partly attributed to the poor performance of linkage statistics for correlated expression traits common in human expression profiles (25) . Similarly, in a WGA study (21) , it was observed that false-positive trans-signals appeared to be due to few outlier data points for some expression traits. One explanation could be an environmental confounder creating a spurious trans-linkage or association, thus only the strongest cis-acting signals may seem replicable. We also compared correlations in expression levels between the four independent LCL data sets in the case of genes with validated versus non-validated cis-linkage by association (20) : for the genes with cis-acting linkages that were validated, the average maximum r 2 -values were higher as compared with non-validated genes (0.56 versus 0.42, P ¼ 0.02). This suggests that cell culture is a major source of variation and false-positive signals. A systematic approach for exploring stability of expression traits in LCLs is urgently needed to appropriately evaluate the increasing number of large-scale experiments on LCL panels. Introduction of cell culture replicates into study designs will likely uncover many heritable expression traits buried in the 'technical variation' and allow identification of truly heritable expression traits. Finally, the lack of replication between different expression platforms is partly due to probe placement in different parts of the genes. A given expression platform may be robust to small changes (SNPs) under the probe sequence (26, 27) , but only assaying all exons of a gene (28) would ensure picking up variable isoform expression, which can be a source of apparent lack of replication of true cis-acting variation (29) . In fact, analysis of patterns of expression level correlation between studies for the 15 cis-acting eQTLs replicated by association (20) reveals multiple examples of genes with probe comparisons showing both high and low (or no) concordance, suggesting an isoformspecific effect. An example of this phenomenon is given in Figure 2 . The RefSeq annotation of phosphorybosylpyrophosphate aminotransferase gene (PPAT) is based on mRNA sequences with a long 3 0 -UTR, but some full-length mRNA sequences support the existence of a shorter mRNA species. Two probe sets interrogate expression of PPAT gene on Affymetrix U133 GeneChip (used by us in measuring LCL expression), whereas only one of these probe sets is included on the GeneChips used in the published studies (14, 20) . The probe set (209434_s_at) is specific for U133 GeneChip and for the longer mRNA, whereas the other (209433_s_at) is common to long and short PPAT gene models and is included on both Affymetrix GeneChips. Comparing expression data from same LCLs in independent groups (Morley et al. data versus data produced in our own group) and within our samples reveals that the correlation data support a heritable effect for expression of the PPAT short isoform only.
Screening for cis-acting effects by total versus allelic expression approach
The total expression studies discussed above involve massive parallel expression assays on DNA chips (14, 20) , microarrays (15) or bead arrays on fiber-optic bundles (21) . The main advantage of these platforms is the relative maturation of the technologies: the complete (known) transcriptome can be assayed at once, common sources of error can be avoided by carefully following quality control procedures and by replication of the hybridizations. Non-parallel methods for expression analyses have been applied for smaller sets of genes (30), but are not amenable for genome-wide studies. If markers close to the gene of interest are correlated with its expression level, a putative cis-acting effect is inferred.
Allelic expression assays (31, 32) are optimal for detecting cis-acting differences, as each allele serves as an internal control for the other, and trans-acting effects or environmental conditions that differentially influence gene expression among samples should not interfere. Only cis-acting changes in the relative expression of alleles yield reproducible differences between allelic abundances of transcripts. By measuring the ratio of alleles, even subtle cis-acting differences can be revealed, even if feedback control of gene expression dampens the effect on total expression levels between genotypic groups (Fig. 3) . The drawbacks of the allelic imbalance approach are the lack of validated high-throughput assays for human genes, the limitation to samples that are heterozygous, and the fact of non-heritable factors (such as epigenetic events) may influence allelic representation. The number of informative heterozygotes can be increased by using pre-mRNA (including non-coding introns) (10) or by using the HaploChip method (33) . The relative strengths and weaknesses of the total versus allelic expression assays for detection of cis-acting (heritable) effects are summarized in Table 2 .
Mapping cis-acting effects detected in allelic expression assays to regulatory haplotypes
We recently showed the relative ease in locating the causal regulatory variant to common human haplotypes (29) . The basis of our study was a set of 73 genes, which had earlier evidence of allelic expression (10,13). We were able to validate allelic expression in 88% of genes (n ¼ 64) using a sensitive sequence-based method (13) and multiple assay designs per gene. We applied a systematic mapping approach utilizing the whole genome SNP data available for the HapMap (CEU) LCLs along with the necessary phase data afforded by the 'trio' design of the sample panel. Our study showed that the patterns of allelic expression seen in the 64 genes was partly or completely explained (based on gene-based permutation tests) by SNPs/haplotypes in the vicinity of gene (+100 kb) for approximately 50% (n ¼ 33) of studied genes.
Validation of mapped traits
The current state of studies of human expression traits is reminiscent of early disease association studies (34) , which applied small sample sizes and no replication in independent samples. The criteria for accepting an expression trait study will likely evolve rapidly, but as gene expression levels can be viewed as 'simple' complex traits (as compared with human disease phenotypes), molecular genetic methods may allow validation without extensive sample sizes and multiple cohorts. Elegant perturbation experiments knocking out or inactivating a gene of interest can be carried out in mouse and other model organisms, which can be held as the 'gold standard' for validation of trans-acting effects. Obviously, such experiments are challenging and sometimes unfeasible for validation of trans-acting effects observed for human genes. In contrast, validation of cis-eQTLs is straightforward by allele-specific expression assays, but has only been applied systematically in yeast (35) , showing a 52 -78% validation rate of self-linkages. Our recent study also investigated cis-acting traits discovered by allele-specific expression assays by using total expression association and yielded a validation rate of 50% (29) . It is evident by these and other studies that even strong evidence by one approach may lead to wrong conclusions and complementary data from total and allelic expression assays (10, 14, 20, 33) are beneficial for the detection of true heritable cis-acting effects. Identification of a common 'regulatory haplotype' is thus straightforward, but such haplotypes may include multiple correlated DNA variants and hinder the identification of the specific regulatory variants that are functional. Cis-acting haplotypes can span tens to hundreds of kilobases including hundreds of SNPs (20, 29) . Isolated examples of mapped functional variants are published (20, 36) but systematic approaches to discover the causative regulatory variant(s) are lacking.
CONCLUSION
A realistic goal in the immediate future will be the creation of validated and comprehensive lists of cis-acting polymorphisms in the human genome. Achieving this will require an extension of current approaches to larger sample sets and tissue panels. The latter is challenging as panels of human tissues for such studies are scarce for most tissues, apart from cells obtained from peripheral blood samples. A concerted plan to develop this resource with the assistance of physicians, surgeons, pathologists, tissue banks and ethicists is required to overcome the lack of human tissues for expression trait studies.
The simple correlations we present in this review underscore the importance of replication at all stages of the experimental design. Most expression studies in LCLs have Figure 3 . An example of an autosomal locus harboring a cis-acting polymorphism causing relative overexpression of 'A-allele' in a gene with feedback control of expression. The levels of total RNA are identical between genotypic groups due to the strict feedback control of RNA output that does not interact with the cis-acting polymorphism (i.e. affects both alleles equally). The cis-acting polymorphism can be discovered by allelic expression measurements in the heterozygous (middle) AB-sample regardless of transacting feedback effects. In a different physiological state (altering the feedback mechanism), the genotypic groups may also express the alleles at different levels leading to phenotypic consequences. (29) . Although we note that this recommendation differs from a reported comment that 'inter-and intra-cell line variation was not significantly different' in an experiment involving transformation of the same lymphocytes at different times and repeated expression assays in the independent cultures (30), this statement was supported by studies limited to one individual only. We propose that scaling-up studies of cis-acting regulatory variants are timely, but we also recommend that studies of trans-regulation remain exploratory, given the technical, statistical limitations and uncertainties. The focus towards the cis-regulatory variation of the human genome remains an ambitious, but realistic one, because tools are readily available for large-scale validation and mapping, and cis-acting signals have appeared stronger in studies to date, and are thus amenable to detection in a moderate sample size.
This catalogue will complement the intensive studies of non-coding functional elements (19, 37) and increase our understanding of the multiple mechanisms controlling gene expression. A comprehensive study will undoubtedly produce collections of common functional polymorphisms across the genome. The influence of regulatory variation in the human genome is still unknown in regards to the basic mechanisms of action and the number of cis-acting variants. The spectrum of mechanisms by which cis-acting polymorphisms influence gene expression has yet to be fully understood: transcriptional control, message stability, relative isoform expression, etc. Whole genome linkage/association-based studies of total expression have suggested that 1-3% of genes (20, 21) harbor common cis-acting variants; allelic imbalance studies show a higher proportion of genes (up to 5%) providing evidence for common heritable effects (29) . The true number of variants is likely much higher because all studies to date have applied small sample size and a single tissue or cell type, and there has been no attempt to cover all coding exons containing SNPs. Thus, even if there are only a few validated regulatory haplotypes/SNPs derived from studies to date, it is likely that they will be more common than structural polymorphisms (38) and may approach the number of common amino-acid changing SNPs (39), the functionality of which is more challenging to establish in large scale (40) .
